Introduction
Thermomechanical processing is very effective to refine ferrite grains to improve mechanical properties of low carbon steel. 1) Recently, in order to obtain ultrafine ferrite grains, strain induced ferrite (SIF) by heavy deformation has been studied. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, SIF has not yet been applied to the plant scale rolling process, since more than 50 % reduction per single pass was required. Hodgson et al. 3, 6) noted that the high level of undercooling as well as the large amount of reduction was required to occur the strain induced ferrite transformation. However, the effect of undercooling on SIF transformation has not been studied in detail. The grain refinement of ferrite by heavy deformation was explained by the combination of dynamic transformation of ferrite and dynamic recrystallization of ferrite. [3] [4] [5] [6] [7] [8] [9] Ferrite formation during the deformation was confirmed recently. Yada et al. 17) reported that ferrite was formed during the deformation even above Ae 3 with para-equilibrium, which was analyzed by in-situ X-ray diffraction method. Grain refinement during the hot deformation could be attained either by discontinuous recrystallization or by continuous recrystallization. [18] [19] [20] [21] [22] [23] Hot deformation of metallic materials with low stacking fault energy such as austenite leads to the formation of new grain structure, that is, the occurrence of dynamic discontinuous recrystallization (DRX). On the other hand, it is generally considered that dynamic recovery is the main restoration of ferrite phase with high stacking fault energy rather than DRX. 20, 21) The dynamic continuous recrystallization is the phenomenon in which misorientation across sub-boundaries of ferrite increases continuously with increasing amount of strain until the sub-boundaries changes to high angle boundaries so that ferrite grains are subdivided. This process is further enhanced by dynamic recovery. However, the mechanism of SIF or ferrite grain refinement is still controversial.
In the present study, the effect of undercooling of austenite (DT ) on SIF transformation was investigated. The high degree of undercooling was obtained with lowering the deformation temperature by applying high cooling rate. The evolution of SIF grains with deformation was examined by TEM. The formation of SIF was observed by stress-strain curve as well as microstructural examination.
Experimental Procedures

Specimen Preparation
A low carbon steel was prepared by VIM (Vacuum Induction Melting). The chemical composition of the steel used was shown in Table 1 . Gleeble 1500 was used for hot compression test. Cylindrical samples with the diameter of 10 mm and length of 12 mm were machined from as-hot forged bars. A graphite foil with nickel compound was used Hot compression test of up to 70 % reduction was performed to examine the effect of undercooling (DTϭAe 3 ϪAr 3 ) of austenite on strain induced ferrite (SIF) transformation behavior. The undercooling of austenite was controlled by applying various cooling rates from the austenitization temperature to the deformation temperature. In order to examine ferrite formation, the flow curve was measured and compared with the calculated flow stress of austenite. Fine ferrite grains with a size of 2 mm were observed within prior austenite grains. Increasing DT was an effective way to increase the amount of SIF, when the applied reduction was relatively small. With heavy deformation, the amount of SIF was nearly the same regardless of DT, while ferrite grains became finer and equiaxed by dynamic continuous recrystallization after transformation. It was also found that the amount of reduction for onset of ferrite formation within austenite grain was reduced with increasing DT. The decrease of flow stress was observed compared with that of austenite, which was mostly from ferrite formation during the deformation.
KEY WORDS: hot compression test; strain induced ferrite transformation; undercooling of austenite. as a lubricant between WC (Tungsten carbide) anvil and specimen at high temperature. WC anvil was used to increase electric resistance at the interface of specimen so that uniform temperature along specimen axis was quickly obtained.
Hot Compression Test
Specimen was held at 1 100°C for 2 min and then cooled to the deformation temperature at a rate of 0.5, 2, 5 and 10°C s
Ϫ1
. Hot compression test was carried out at Ar 3 ϩ10°C. The Ar 3 temperature was determined by measuring the first deviation of curvature of dilatation curve during continuous cooling. Specimen was compressed to 20, 30, 50, and 70 % reduction at a strain rate of 10 s Ϫ1 respectively and then water quenched immediately. The microstructure of the quenched specimen was observed by optical microscope (OM) and transmission electron microscope (TEM). The volume fraction of the SIF and the average grain size were measured by an image analyzer. The misorientation angle between adjacent grains of ferrite was measured by Electron Back Scattered Diffraction (EBSD). Point to point analysis for adjacent grains was carried out. Area mapping for 28.4 mmϫ28.4 mm was performed with step size of 0.1 mm on square grid so that total step number was 80 656. The Inca crystal system was used with SEM (JSM-5900LV with tungsten filament-20 kV).
Measurement of Stress-Strain Curve
The flow stress of austenite at 1 100°C, 1 000°C and 900°C (T d ϾAe 3 ), of undercooled austenite at 800°C, 735°C (Ar 3 ϽT d ϽAe 3 ) and of fully transformed structure at 735°C was measured. The fully transformed structure was obtained by isothermal holding at 735°C (aϩg region) for 10 min. The flow curve of austenite at 735°C was calculated by linear regression using the following equation 24) assuming the initial stage of measured flow stress solely originated from austenite. The measured peak stress at various temperatures was compared with the peak stress calculated using the following equation. 25 ) ] and 288.3 [kJ/mol] for 0.14 wt% C, respectively.
Results and Discussion
Degree of Undercooling (D DT )
The degree of undercooling (DT ) of austenite was defined as the difference between Ae 3 and Ar 3 temperature. The prior austenite grain size was 130 mm. The Ae 3 temperature was calculated as 844°C by Thermo-Calc. The Ar 3 temperatures with various cooling rates determined by dilatometry were shown in Fig. 1 and Table 2 . The Ar 3 was 751°C at a cooling rate of 0.5°C s Ϫ1 (DT ϭ93°C) while it was 673°C at a cooling rate of 10°C s Ϫ1 (DT ϭ171°C).
Formation of Strain Induced Ferrite with
Undercooling of Austenite (D DT ) From the quenched specimen after 20 % reduction, ferrite grains of about 5 mm were observed along g grain boundaries. After 30 % reduction, fine ferrite grains with about 2 mm were observed within g grains as well as grain boundaries at larger DT , while they were not observed at the smaller DT as shown in Fig. 2 . After 50 % reduction, fine ferrite grains were observed within g grains even at low DT . After 70 % reduction, the amount of SIF apparently increased and its volume fraction reached about 65 % regardless DT and the ferrite grain size was further refined as shown in Fig. 3 . This indicated that the ferrite formation was more enhanced by the increase of nucleation site by heavy deformation.
27) The measured ferrite volume fraction and the calculated equilibrium volume fraction by ThermoCalc with DT were shown in Fig. 4 . The measured volume fraction of ferrite after 70 % reduction was close to the equilibrium fraction of ferrite. The critical reduction for SIF was determined as onset of formation of fine ferrite grain with about 2 mm within g grain. Figure 5 shows the critical reduction with DT . In the case where DT was 93°C (0.5°C s Ϫ1 ), the critical reduction was 50 %, while it was reduced to 30 % when DT increased to 171°C (10°C s Ϫ1 ). It was considered that the SIF was initiated by low reduction increasing DT . Figure 6 represents the evolution of strain induced ferrite grains during the hot deformation at 735°C (DT ϭ 119°C). Although the amount of deformation increased, the ferrite grains formed at the early stage of deformation were equiaxed and their size was further refined as shown in Figs. 6(a) and 6(b). This phenomenon could be explained by dynamic continuous recrystallization of ferrite after transformation. Wang and Lei 18) reported that the misorientation across sub-boundaries of ferrite increased continu- ously with strain until the sub-boundaries were changed into high angle boundaries during the hot deformation (85 % reduction) at strain rate of 10 s Ϫ1 and at 800°C (Zϭ4.3ϫ10 14 s
Evolution of Strain Induced Ferrite during Hot Deformation
Ϫ1
) in two phase (aϩg) structure of low carbon steel. This is the so-called dynamic continuous recrystallization often observed in aluminum alloys or ferritic stainless steel, 19) and it is obviously different from the dynamic discontinuous recrystallization (DRX) found in high purity ferrite and in ferritic interstitial free steel where new grains were nucleated via the bulging of ferrite grain boundaries. According to previous studies, 22, 23) DRX of ferrite occurred in interstitial free steel when the value of Z (e´exp(Q/RT )) was below 5ϫ10 12 s Ϫ1 (Qϭ280 kJ mol
). In the present study, the value of Z was 3.2ϫ10 15 s Ϫ1 (Qϭ 280 kJ mol
) that was higher than that of possible Z for DRX even though the activation energy (Q) of low carbon steel was different from that of interstitial free steel. Thus, it was considered that further grain refinement was not caused by DRX of ferrite. The dynamic continuous recrystallization was mainly caused by absorption of dislocation into the sub-boundary of ferrite constrained by a/g boundaries in two phase structure. 18) The phase boundary between strain induced ferrite and austenite played an important role to enhance the dynamic continuous recrystallization. Thus, further grain refinement via dynamic continuous recrystallization took place by relatively low strain of 70 % reduction. By TEM observation, the sub-grain boundaries were observed within equiaxed ferrite grains after 50 % reduction as shown in Fig. 6 (c). With increasing deformation to 70 % reduction, further refined ferrite grains were observed along the prior austenite grain boundary or the deformation band within austenite grain as presented in Fig. 6(d) . It was considered that sub-boundaries with low misorientation angle could be evolved to high angle boundaries resulting in subdivision of ferrite grains. As a result, ferrite grains formed at the early stage of deformation were not elongated by further deformation of 70 % reduction. From point to point analysis by EBSD, these grain boundaries were composed of high angle boundaries and small amount of low angle boundaries as shown in Fig. 7 . The similar result associated with misorientation angle of strain induced ferrite grains was reported. Figure 8 shows the calculated peak stress and measured peak stress of austenite with various deformation temperatures. At temperatures between 1 100°C and 900°C, the measured peak stress agreed well with the calculated one. When the deformation temperature was below 900°C, the measured peak stress was lower than calculated one for austenite. It indicated that the flow stress was reduced either by the formation of SIF or dynamic restoration. Figure 9 shows the microstructures of quenched specimen at various temperatures after the deformation. The microstructures of the specimen quenched from 1 000°C and 900°C were fully martensite. While, SIF was observed at 800°C, which agreed with the analysis of peak stress. At 735°C, the large amount of SIF grains with about 2 mm were found within the austenite grain. From the microstructural examination, it was considered that the decrease of peak stress was mainly attributed by the formation of SIF rather than by dynamic restoration. Further, the flow stress at 735°C was calculated by linear regression of Eq. (2). It was assumed that the flow stress at the early stage of strain up to 0.3 was inherent to that of austenite. The measured stress-strain curve was lower than the calculated one (Eq. (3)) for austenite due to formation of SIF as shown in Fig. 10 . In the case of deformation at 735°C after holding for 10 min, the stress-strain curve was much lower, since it was partly attributed to flow stress of coarse ferrite grains with size of 40 mm formed during the isothermal holding as well as flow stress of austenite. 28) From the above results, it was thought that ferrite formation during the deformation reduced the flow stress.
6)
Stress-Strain Curve
Conclusions
(1) The SIF with ultrafine grain size of 2 mm was obtained by the combination of DT and amount of deformation. It was also found that the amount of reduction for onset of ferrite formation within austenite grain was reduced with increasing DT . With 70 % reduction, the ferrite volume fraction was close to the equilibrium volume fraction regardless of DT .
(2) The SIF grains were finer and were maintained to be equiaxed even though the deformation increased. It was considered that ferrite grains transformed at the early stage of deformation were subdivided by dynamic continuous recrystallization. (3) The measured flow stress between Ae 3 and Ar 3 temperature was lower than the calculated one for austenite. This indicated that ferrite was formed during the deformation and this was also confirmed by microstructural examination.
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